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I.  INTRODUCTION 


Reactions  that  involve  NF2  and  NF  are  of  interest  since  many  of  them 
produce  electronically  excited  products.  In  particular,  the  H2/NF2  system1 
serves  as  a  source  of  metastable  NF(a^A)  which  forms  the  basis  for  several 
proposed  visible  chemical  lasers.  The  H2/NF2  reaction  system  has  been 
the  subject  of  several  studies  where  particular  attention  has  been  paid  to 

c  O 

the  formation  of  energetic  species.  The  reaction  kinetics  of  the 

3  _ 

NF(X  I  )  radical  and  its  ultimate  fate  are  critical  to  a  full  understanding 
of  this  system  since  it  is  the  principal  source  of  F  atoms  which  propagate 
the  overall  chain  reaction. 

The  NF  ground  state  has  previously  been  detected  using  infrared 
absorption  spectroscopy  in  both  the  gas  phase^  and  in  rare  gas  matrices.10 
Laser-induced  fluorescence  has  also  been  used  to  investigate  the  radiative 
decay  of  the  NF(a)  and  NF(b)  states  in  solid  argon.11  There  have  been 

p  c  C. 

several  studies  of  NF  radical  reactions  with  various  transient  species 

which  include  H  and  N  atoms  in  addition  to  NF  itself.  Apart  from  recent 
NF(a,b)  electronic  quenching  measurements,®’12"1^  there  have  been  no  prior 
studies  on  the  state-specific  kinetics  of  the  NF  molecule. 

1  3  - 

Both  NF(a  A)  and  NF(X  I  )  are  energetically  accessible  from  the  249  nm 
photolysis  of  NF2  and  are  produced  in  10J  and  90%  yields,  respectively.®’1® 

Q  — 

The  NF(X  r  )  photofragment  is  born  with  a  high  degree  of  rotational  and 

16  3  - 

vibrational  excitation.  We  have  taken  advantage  of  this  excited  NF(X  I  ) 

nascent  population  distribution  to  perform  vibrational  and  rotational 

kinetic  measurements  on  the  NF  ground  state.  Gas  phase  LIF  of  NF  via  the 

b-X  transition  was  employed  to  directly  probe  specific  vibrational  levels 

and  to  determine  their  time  behavior. 


7 


II.  EXPERIMENTAL 


A  Lumonics  400  Hyperex  excimer  laser  operating  with  KrF  (24 9  nm)  was 

3  _ 

used  as  a  source  of  NF(X  I  )  via  the  photolysis  of  NF2,  which  produces 

3  _ 

NF(X  I  )  in  high  yield.  The  photolysis  laser  light  passed  through  a  series 
of  beam  shaping  lenses  into  a  heated  photolysis  cell.  A  MgF2  entrance 
window  prevented  fluorine  etching,  which  would  have  occurred  if  a  Suprasil 
window  were  used.  Two  slit  apertures  were  placed  in  the  beam  path  to 
suppress  scattered  excimer  light.  A  portion  of  the  KrF  laser  radiation  was 
reflected  into  a  Laser  Precision  R JP-73^  power  meter  using  an  uncoated 
Suprasil  window.  Tunable  probe  laser  light  from  a  Quantel  Datachrome  58 1 C 
Nd-YAG  pumped  dye  laser  system,  operating  with  Coumarin  500  dye,  crossed 
the  KrF  laser  beam  in  the  observation  region  at  the  center  of  the  cell.  A 
small  fraction  of  the  dye  laser  radiation  was  monitored  with  a  silicon 
photodiode  to  provide  relative  power  measurements.  The  wavelength  of  the 
probe  laser  was  determined  using  a  Lasertechnics  model  100F  Fizeau  wave- 
u<eter.  A  diagram  of  the  experimental  arrangement  is  shown  in  Fig  1. 

The  gases  in  these  experiments  used  without  further  purification  were 

C02  (Matheson  99.99%),  Ar  (Matheson  99-99%),  SF6  (MG  Gases  99.9%),  and  N^ 

(Hercules  96%).  Mixtures  of  N2Fjj  in  argon  were  prepared  and  stored  at 

100  psia  in  a  stainless  steel  reservoir.  Reagents  were  flowed  through 

calibrated  Tylan  flowmeters  into  the  multi-axis  photolysis  cell.  The  cell, 

constructed  of  stainless  steel  and  Teflon  coated  internally  to  minimize 

wall  reactions,  was  wrapped  in  heating  tape  and  maintained  at  144°C.  At 

this  temperature,  the  N2F^  is  >95%  dissociated  into  NF2  for  the  NF2  den- 

1 7-21 

sities  used  in  these  experiments.  Cell  pressure  was  measured  with  an 

MKS  Baratron  capacitance  manometer. 

A  gatable  EMI  9816QB  photomultiplier  tube  equipped  with  a  20  nm  band¬ 
width  interference  filter  centered  at  550  nm  and  a  5  cm  focal  length  lens 
was  mounted  on  one  arm  of  the  photolysis  cell  to  view  the  NF  b-X  LIF  signal 
through  a  Suprasil  window.  The  PMT  gate  was  turned  on  1 80  nsec  (trad  b-X  = 
23  msec)^  after  the  b-X  probe  pulse  in  order  to  eliminate  scattered  dye 
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Nd:YAG  WAVEMETER 


PUMPED  DYE  USER 
NF(X)  PROBE 


Fig.  1.  Diagram  of  the  Experimental  Apparatus 


laser  light.  Since  the  strong  NF  b-X  vibronic  bands  are  diagonal  in 

vibrational  quantum  number22 >2^  (qQQiO.96),1  use  of  a  gated  PMT  was 

essential  for  these  experiments.  The  timing  sequence  used  to  obtain 

3  _ 

NF(X  r  )  time  profiles  is  described  as  follows.  The  excimer  laser  is 
operated  at  a  repetition  rate  of  10  Hz  while  the  dye  laser  is  pulsed  at  a 
rate  of  5  Hz,  synchronized  to  fire  upon  every  other  KrF  shot.  The  PMT 
output,  amplified  with  a  Tektronix  model  AM-502  amplifier,  is  processed 
using  two  channels  of  an  SRS  model  SR250  boxcar  integrator.  One  channel  of 
the  boxcar,  triggered  in  phase  with  the  dye  laser  at  5  Hz,  obtains  the  LIF 
signal.  The  second  channel,  which  is  triggered  out  of  phase  with  the  probe 
laser,  acquires  any  signal  not  associated  with  the  dye  laser.  This  dual 
channel  arrangement  was  necessary  in  order  to  record  the  background  for 
eventual  subtraction.  The  background  is  primarily  due  to  long-lived  cell 
window  fluorescence  caused  by  scattered  excimer  laser  radiation  in  addition 

Q 

to  NF  b-X  emission  from  the  NF2  photolysis.  The  delay  between  the  excimer 
laser  photolysis  and  the  dye  laser  probe  pulses  was  scanned  using  an  SRS 
model  SR200  gate  scanner,  whose  output  was  used  to  trigger  the  excimer 
laser.  The  magnitude  of  the  scan  width  was  as  short  as  1  usee  to  as  long 
as  300  usee,  depending  upon  the  kinetic  process  under  study.  A  third  box¬ 
car  integrator  was  used  to  record  the  relative  dye  laser  power,  obtained 
from  the  silicon  photodiode.  The  outputs  from  the  three  boxcars,  along 
with  the  analog  output  from  the  excimer  laser  power  meter,  were  digitized 
and  stored  with  a  DEC  11/73  laboratory  computer. 
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III.  RESULTS  AND  DISCUSSION 


A.  NF(X3r~)  VIBRATIONAL  RELAXATION 

3  _ 

Photolysis  of  NF2  at  249  nm  results  in  an  extremely  "hot"  NF(X  1  ) 
vibrational  distribution.  An  excitation  spectrum  from  the  KrF  photolysis 
of  0.27  Torr  NF2  in  0.75  Torr  Ar  is  depicted  in  Fig.  2.  The  spectrum  was 
recorded  using  a  fixed  delay  of  15  psec  between  the  KrF  photolysis  laser 
and  the  dye  laser  probe.  A  simulation  of  the  spectrum  is  also  presented  in 
Fig.  2.  There  is  good  agreement  between  the  experimental  data  and  the 
simulation,  calculated  using  an  NF  ground  state  rotational  temperature  of 
420  K  and  a  vibrational  temperature  of  2350  K.  It  should  be  noted  that  the 

rotational  distribution  is  relaxed  to  our  operating  temperature.  However, 

3  _ 

since  Ar  is  very  inefficient  for  NF( X  I  )  vibrational  relaxation,  the  spec¬ 
's  _ 

trum  in  Fig.  2  reflects  the  NF (XI  )  nascent  vibrational  distribution.  We 

took  advantage  of  this  excited  distribution  to  investigate  the  vibrational 

3  _ 

relaxation  kinetics  for  several  NF(X  I  )  levels  with  CO2  and  SFg.  The  time 

behavior  for  selected  NF  ground  state  vibrational  levels  was  obtained  by 

1  3  - 

tuning  the  probe  laser  to  a  particular  b  Z(v',  NM-X  I  (v",N")  transition 
and  recording  the  LIF  as  a  function  of  the  delay  between  the  KrF  laser  and 
the  dye  laser. 

3  _ 

NF  X  I  (v",  N")  time  behavior  traces  were  fit  to  a  double  exponential 
function  of  the  form  A1exp(-A2t)  -  A^expl-A^t).  A  typical  experimental 
trace  and  fit  to  the  data  from  the  photolysis  of  0.26  Torr  NF 2  in  10  Torr 
SF^  is  presented  in  Fig.  3.  Figure  4  depicts  a  plot  of  the  decay  of 
NF(X)3Z  (v"=2,  N"=9)  with  SFg  density.  The  nonzero  intercept  at  [SF^]=0 
is  due  to  removal  by  the  parent  molecule  and  is  discussed  below.  Similar 
plots  for  formation  and  decay  rates  were  obtained  for  other  NF(X)  vibra¬ 
tional  levels  studied,  and  the  results  for  SF^  and  CO2  are  sunmarized  in 
Table  1 . 

22  1 

The  NF  ground  state  vibrational  spacing  is  1141  cm  "  ,  corresponding 
to  nearly  4  kT  at  our  420  K  operating  temperature.  Thus  one  expects  that 
nearly  all  of  the  collisions  of  NF(v">0)  with  the  buffer  gas  result  in 
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Fig.  2.  Upper  Trace:  NF  b-X  Excitation  Spectrum  Taken  from  the  KrF 
Photolysis  of  0.27  Torr  NF2  in  0.75  Torr  Ar.  A  delay  of 
15  ysec  between  the  KrF  laser  and  the  dye  laser  was  used. 
Lower  Trace:  Calculated  Spectrum  Using  Molecular  Constants 
of  Ref.  17.  A  vibrational  temperature  of  2350  K  and  a  rota¬ 
tional  temperature  of  420  K  were  used. 
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NF  b-X  LIF  INTENSITY  (mV/mJ  at  248  nm) 
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Fig.  3.  Time  Profile  of  the  v"=2,  N"=9  Level  of  NF(X).  The  abscissa 
represents  the  time  between  the  KrF  photolysis  pulse  and  the 
dye  laser  probe  pulse.  Partial  pressures  of  NFp,  SF^,  and 
Ar  are  0.26,  1.1,  and  1.2  Torr,  respectively.  A  double 
exponential  fit  to  the  data  is  also  shown. 
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NF  X,  v=2  DECAY  (sec' 
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Fig.  4.  Decay  Rate  of  NF(X),  v"=2.  N"=9  Plotted  vs  SF6  Density.  The 
circles  are  the  experimental  data  and  tbe  solid  line  is  a 
linear  fit  whose  slope  is  3-9  *  19~2  cnr/molecule-sec. 
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Table  1.  NF  Ground  State  Vibrational  Relaxation 
Rate  Constants'3' 


v" 

Formation  Rate 

Decay  Rate 

C02 

0 

4.5(1.0)  x  10-14 

1 

6. 5(2.0)  x  lO"14 

3.7(1.0)  x  10"14 

2 

1.2(0.4)  x  lO”13 

7.5(2.0)  x  lO"14 

sf6 

0 

1.41(0.30)  x  lO”12 

1 

3.05(0.60)  x  10-12 

1.21(0.25)  x  10-12 

2 

9.50(1.80)  x  lO"12 

3.92(0.80)  x  lO"12 

<a)AlI  rate  constants  have  units  cm3/raolecule-sec. 
given  in  parentheses. 

Estimated  uncertainties  (2o) 

vibrational  quenching  rather  than  in  vibrational  excitation.  Under  the 

assumption  that  multi-quanta  processes  have  low  probability,  we  expect  that 

the  NF(X3r~)  vibrational  manifold  will  not  be  strongly  coupled  at  our 

operating  temperature  and  that  the  rate  coefficients  listed  in  Table  1 

closely  approximate  state-to-state  vibrational  relaxation  rate  constants. 

To  provide  more  insight  into  NF( X  I  )  vibrational  relaxation,  modeling 

calculations  have  been  carried  out.  The  model  treats  only  Av  =  1  colli- 

sional  transfer,  and  the  SF^  rate  constants  of  Table  1  were  used  as 

Reverse  rate  coefficients  were  calculated  using  the  principle  of  detailed 
o  _ 

balance.  MF(XJr  )  vibrational  levels  0-3  were  considered  and  were  given  an 
initial  Boltzmann  population  distribution  corresponding  to  a  temperature  of 
2350  K,  the  nascent  distribution  observed  in  our  experiments.  The  rate 
equations  were  numerically  integrated  to  calculate  time  behavior  of  the 
NF(X3i~)  vibrational  levels  considered  for  a  range  of  buffer  gas  densities. 
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buffer  gas  densities.  The  time  profiles  were  fit  in  the  same  manner  as  the 
experimental  data  to  obtain  rise  and  decay  rates.  Plots  of  these  rates  as 
a  function  of  buffer  gas  density  were  linear,  and  Table  2  displays  the 
results.  Three  separate  sets  of  modeling  calculations  were  performed  at 
three  different  temperatures,  affecting  the  reverse  rate  constants,  k  +1, 

through  detailed  balance.  It  should  be  noted  that  in  all  three  cases,  the 

3  _ 

initial  NF(X  Z  )  vibrational  distribution  was  held  constant.  As  expected, 
the  rate  constants  obtained  from  fitting  the  simulated  data  are  nearly 
identical  to  those  used  as  input  to  the  model  at  the  lowest  temperature, 
-100°C,  while  those  from  the  highest  temperature,  1000°C,  deviate  signifi¬ 
cantly.  While  not  exact,  there  is  good  agreement  between  the  model  input 
rate  coefficients  and  those  determined  from  the  calculation  performed  at 
our  operating  temperature  of  144°C.  This  simulation  of  the  experiment  pro¬ 
vides  evidence  that  the  data  in  Table  1  do  indeed  closely  represent  actual 
state-to-state  vibrational  transfer  rate  constants. 

ph  pc 

Classical  models  for  vibrational  energy  transfer  *  3  predict  that 

vibrational  relaxation  rate  constants,  k  .,  will  scale  with  v  for  low 

’  v-v- 1 

vibrational  levels.  Such  is  the  case  with  the  C02  rate  constants  in 

1  7 

Table  1,  while  the  rate  constants  for  SFg  are  seen  to  scale  as  v.  One 
could  argue  that  the  relatively  inefficient  quenching  by  C02  indicates  that 
there  is  a  weak  interaction  potential  leading  to  more  classical  behavior, 
while  a  stronger  interaction  and  deviation  from  classical  behavior  may  be 
indicated  by  the  larger  SF^  rate  constants.  However,  quite  the  opposite  is 
observed  for  HF,2^’2^  where  vibrational  quenching  by  C02  is  almost  3  orders 
of  magnitude  faster  than  quenching  by  SFg.  The  efficient  HF  vibrational 
quenching  by  C02  has  been  attributed  to  the  near  resonant  exchange  HF(v)  + 
C02(00°0)  -*  HF(v-l)  -*■  C02(00°1).3®  No  such  near  resonant  channels  exist 
for  the  case  of  NF(X)  vibrational  relaxation  by  C02.  More  modes  are  pos¬ 
sible  in  SF^,  including  the  combination  band^1  at  1141  cm-1.  Al¬ 

though  the  probability  for  exciting  a  combination  band  is  much  lower  than 
for  single  quantum  exchange, ^2  the  resonance  nature  of  this  process  must  be 
noted  [NF(X)  u  jc  =  1141  cm"^].  A  suitable  theoretical  model  that  des- 

e  e  03 

cribes  such  processes  has  yet  to  be  presented.  J 
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Table  2.  NF(X)  Vibrational  Relaxation  Model  Results^3 


kw  Model  Input 

-100'C 

144°C 

1000 °c 

kio  1.31  x  10-12 

1.12  x  lO-12^) 

1.12  x  10-12  0») 

1.05  x  10-12*b) 

kio  1.31  x  10-12 

1.26  x  10-12<c> 

1.22  x  10-12<c> 

1.11  x  10-12<c> 

k2i  3.48  x  IQ-12 

3.36  x  10-12 

2.76  x  10-12 

1.26  x  10~12 

k32  9.50  x  10-12 

9.50  x  10-12 

8.28  X  10-12 

2.08  x  10-1 2 

60  All  rate  constants  have  units  cm3/molecule-sec.  The  initial  NF(X3Z  )  vibrational  distribution  used  in  the 
calculation  was  a  Boltzmann  distribution  at  a  temperature  of  2350  K. 

OORates  obtained  from  the  v" 

=  0  nse times. 

(c)Rates  obtained  from 
the  v"  =  1  decays. 

B.  NF(X3I~)  ROTATIONAL  RELAXATION 


The  KrF  laser  photolysis  of  NF2  also  produces  rotationally  excited 
NF(X^r').  An  excitation  spectrum  of  0.25  Torr  NF2  and  0.75  Torr  hr, 
recorded  with  a  100  nsec  delay  between  the  excimer  and  dye  lasers,  is  shown 
in  Fig.  5  together  with  a  plot  of  the  normalized  intensities  of  resolved 
lines  in  the  NF  b-X  Qp  branch  of  the  (0,0)  band.  An  initial  rotational 
temperature  of  1750  K  is  obtained  from  the  slope  of  the  plot  in  Fig.  5. 

The  time  between  NF-buffer  gas  hard-sphere  collisions  is  about  170  nsec  for 
the  conditions  under  which  the  spectrum  in  Fig.  5  was  recorded.  Hence,  the 

o  _ 

nascent  NF(X  I  )  rotational  distribution  is  well  represented  by  these 
data.  By  monitoring  the  time  behavior  of  selected  rotational  levels  of  the 
NF(X^r”)  state,  we  were  able  to  obtain  some  information  on  rotational 
relaxation  in  the  NF  ground  state.  Since  the  rotational  energy  level  spac¬ 
ing  is  about  2  orders  of  magnitude  smaller  than  that  for  the  vibrational 
levels,  a  state-to-state  analysis  analogous  to  that  presented  above  is 
precluded.  However,  the  investigation  of  the  time  evolution  of  the  popula¬ 
tion  in  the  lower  rotational  levels  leads  to  phenomenological  information 
on  NF  ground  state  rotational  relaxation. 
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Fig.  5.  Upper  Trace:  NF  b-X  Excitation  Spectrum  Taken  from  the  KrF 
Photolysis  of  0.27  Torr  NF2  and  0.75  Torr  Ar.  A  delay  of 
100  nsec  between  the  KrF  laser  and  the  dye  laser  was  used. 
Visible  are  the  (0,0)  and  (1,1)  bandheads  near  529  and  572  nm, 
respectively.  Lower  Trace:  Intensities  of  the  Resolved  Lines 
in  the  Q_  Branch  of  the  b-X  (0,0)  Band  Plotted  as  a  Function  of 
the  Rotational  Quantum  Number  N" .  A  rotational  temperature  of 
1750  K  is  obtained  from  the  linear  fit  indicated  in  the  figure. 


We  monitored  the  laser-induced  fluorescence  (LIF)  from  probing  the 
N"=9  level  of  the  NF{X^l")  v"=2  vibrational  level  as  a  function  of  C02 
pressure.  Figure  6  displays  time  profiles  for  this  level  with  and  without 
C02<  The  population  in  N"=9,  near  the  maximally  populated  level  at  our 
cell  temperature  of  420  K  (N*'  v  =  10),  is  observed  to  increase  as  a 
function  of  time.  Tnis  is  a  consequence  of  the  rotational  equilibration  of 
the  v"=2  rotational  manifold  as  population  funnels  down  from  the  higher  N" 
levels  initially  populated  following  f'?2  dissociation.  The  v"=2,  N"  =  9 
inverse  risetime  is  plotted  versus  C02  density  in  Fig.  7.  A  lack  of 
knowledge  of  the  mechanism  of  rotational  relaxation  in  NF(X)  prevents 
extraction  of  any  detailed  information  from  the  data  in  Fig.  7.  The  slope 
of  the  plot,  4.4  »  10-11  cm^ /molecule-sec,  represents  an  empirical  rate 
constant  which  describes  how  the  rotational  manifold  is  relaxed  by  C02  from 
its  initial  distribution  of  1750  K  to  a  distribution  at  our  cell 
temperature.  At  the  initial  temperature  of  1750  K,  Nj^  is  22,  and  hence 
the  relaxation  process  observed  must  occur  over  a  number  of  collisions 
since  large  AN  collisions  are  decreasingly  probable. 3^-36  ^hus, 
state-to-state  rotational  transfer  rate  constants  for  NF(X)  are  probably 
several  times  larger  than  this  number  for  small  AN  processes.  This  seems 
reasonable  considering  rates  of  other  species  studied. 3^-40  jt  ig 
interesting  to  note  that  the  intercept  of  the  plot  of  Fig.  7  yields  an 
empirical  rate  constant  for  Ar  which  agrees  within  experimental  error  with 
that  for  C02.  The  v"=0  level  of  NF(X)  was  also  investigated,  and  the  rate 
constants  for  N"=9  are  equal  to  those  for  v"=2.  If  the  mechanism  for 
relaxation  is  the  same  for  v"=0  and  v"=2,  we  can  conclude  that  no  vibra¬ 
tional  dependence  for  rotational  relaxation  is  observed. 

C.  REMOVAL  OF  NF(xV) 

Through  computer  modeling  of  experimental  H  and  N  atom  profiles 
observed  from  the  reaction  of  NF2  with  hydrogen  atoms,  Cheah  et  al.^  con¬ 
cluded  that  the  bimolecular  disproportionation  of  NF  is  rapid,  k  =  7  * 

10  cmJ/molecule-sec,  and  is  the  predominant  decay  channel: 

NF  NF  N2  2F  (1) 
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TIME  (/isec) 


Fig.  6.  Time  Profiles  of  the  v"=2,  N"=9  Level  of  NF(X)  Showing  Rotational 
Equilibration.  The  NF2  and  Ar  partial  pressures  are  0.25  and 
1.3  Torr,  respectively.  The  upper  trace  shows  the  behavior  with 
a  CO2  partial  pressure  of  8.4  Torr,  while  the  lower  curve 
shows  the  time  profile  with  no  added  CO2.  Note  the  difference 
in  the  time  scales.  A  single  exponential  fit  to  the  data  is 
also  shown. 
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INVERSE  RISETIME  (10°  sec" 


Fig.  7.  Rise  rate  of  NF( X ) ,  v"=2,  N"=9  Plotted  vs  CC>2  Density. 

The  squares  are  the  experimental  data  and  the  solid  line 
is  a  linear  fit.  The  slope  of  the  line  is  4.4  *  1CT'  cm^/ 
molecule-sec. 
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Their  experiments  were  not  state  specific  and  only  examined  the  overall 

D 

removal  rate  of  NF  radicals.  Previous  work  in  this  laboratory®  has  pro¬ 
vided  evidence  that  the  NF(a)  +  NF(a)  reaction  is  3  orders  of  magnitude 

slower,  k  1  x  10“^  cm^/molecule-sec .  A  more  rapid  rate  was  observed  by 
1  it  1  ?  A 

Setser,  k  =  2  x  10  cm-vmolecule-sec ,  still  much  slower  than  that 
reported  in  Ref.  5.  The  present  technique  permits  direct  measurement  of 

3  _ 

the  v"=0  level  of  NF(X  I  )  to  determine  its  reaction  kinetics.  Experiments 

were  carried  out  at  a  pressure  of  14  Torr  using  SF^  as  the  main  buffer  gas 

to  ensure  that  rotational  and  vibrational  equilibrium  was  rapidly  attained 
3 

in  the  NF(X  l)  manifold.  Figure  8  shows  a  representative  time  decay 

3 

of  NF(X  l)  v"=0,  N"=9.  An  experiment  was  performed  that  attempted  to 
separate  the  second  order  disproportionation  from  the  first  order  reaction 
of  Nf ( X)  with  NF2: 


NF (X)  +  NF2  -  N2F2  +  F.  (2) 

If  the  expression  for  the  removal  rate  of  NF(X)  is  written  as 

kr(sec'1)  =  k i [ NF ( X ) ]  +  k2[NF2]  ♦  kd,  (3) 

we  see  that  by  holding  [NF(X)]q  and  the  total  pressure  constant,  NF2  can  be 
varied  to  extract  a  rate  coefficient  for  reaction  (2).  The  constant  kd 
appearing  in  Eq.  (3)  is  the  diffusion  rate  of  NF(X)  out  of  the  volume 
probed  by  the  dye  laser.  The  intercept  would  crudely  represent  the  con¬ 
stant  terms  although  process  (1)  is  second  order  and  a  more  complex  kinetic 
expression  must  be  employed  in  principle. 

The  results  of  a  series  of  experiments  in  which  the  NF2  density  was 

varied  are  plotted  in  Fig.  9.  The  initial  density  of  the  NF(X)  produced 

from  the  photolysis  was  held  constant  during  these  experiments  by  changing 

the  KrF  laser  photolysis  as  the  NF2  concentration  was  changed.  The 
3  _  c 

NF(X  I  )  traces  were  well  fit  using  a  single  exponential  decay  for  the 
range  of  NF2  and  NF(X)  densities  used.  The  slope  of  a  fit  to  the  decays 
yields  a  rate  constant  for  the  reaction  of  NF(X  I  )  v"=0  with  NF2,  whose 
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NF  b-X  LIF  (mV/mJ) 


TIME  (ftsec) 


Fig.  8.  Time  Decay  of  NF(X),  v"=0,  N"=9  from  the  Photolysis  of 
0.62  Torr  NFp,  3.1  Torr  Arf  and  11.9  Torr  SF^.  The 
initial  NF(Xi  produced  from  the  photolysis  is  7  *  10™ 
molecules/cm^.  Also  shown  is  a  single  exponential  fit 
to  the  decay. 
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DECAY  (10u  sec' 


Fig.  9.  Removal  Rate  of  NF(X),  v"=0,  N"=9  as  a  Function  of  NF2 
Density.  As  the  NF2  density  was  increased,  the  KrF 
photolysis  energy  was  decreased  so  that  the  fraction  of 
the  NF2  photoly zed  remained  constant.  The  initial  NF(X) 
density  is  7  *  10 molecules/cnr .  Also  shown  is  a  linear 
fit  to  the  data.  The  slope  of  the  fit  is  2.0  x  10" 12  cm^/ 
molecule- sec. 
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12  3 

value  is  1.97  ±  0.20  «  10  cm-vmolecule-sec.  As  noted,  the  intercept  of 

3  _ 

the  data  of  Fig.  9  contains  information  on  NF(X  I  )  removal  processes 

independent  of  NF2.  A  knowledge  of  the  KrF  beam  profile,  determined  from 

3  _ 

burn  patterns  and  its  energy,  allows  us  to  estimate  an  initial  NF(X  I  ) 

1  ii  3 

density  of  7  »  10  molecules/cm-1  using  the  NF2  absorption  c~oss  section  at 

n  3  _ 

249  nm  °.  Although  diffusion  coefficients  for  NF(X  I  )  are  not  known,  we 

have  calculated  the  diffusion  time^1-^^  of  O2  in  Ar  and  SF^  to  estimate  the 

role  of  diffusion  in  the  present  experiment.  From  the  radial  diffusion 

44 

equation  in  a  long  cylinder, 

kd  =  D12  (  tt2/L2  -*•  5-81  /R2  ),  (4) 

a  radial  diffusion  rate  of  1300  sec"1  is  calculated  for  the  conditions  of 
this  experiment  [ D ( O2 , Ar )  =  0. 30  cm^/sec,  D(02,SF^)=0.22  cm^/sec,  R=0.25  cm, 
L=40  cm,  and  T=420  K],  This  value  is  in  reasonable  agreement  with  the 
experimental  intercept  of  3000  ±  1500  sec-1  in  Fig.  9-  Under  these 
conditions,  the  rate  constant  taken  from  Ref.  5  gives  a  second  order 
NF(X3!*)  removal  rate  of  (7  *  10"11)  *  (7  *  1014)  =  4.9  *  104  sec"1.  If 
this  were  the  case,  we  would  expect  the  plot  shown  in  Fig.  9  to  deviate 
substantially  from  linear  behavior  at  the  lower  NF2  densities.  In  fact,  no 
such  behavior  is  observed.  The  plot  is  linear  over  the  range  of  NF2 
studied  and  the  intercept  can  be  explained  by  diffusion  alone.  A  simple 
kinetic  model  was  constructed  to  obtain  an  estimate  for  the  MF(X)  second 
order  removal  rate  constant.  Reactions  (1)  and  (2)  were  incorporated,  and 
NF(X)  was  assumed  to  be  in  rotational  and  vibrational  equilibrium. 

Figure  10  shows  a  comparison  of  the  model  results  with  the  observed  NF(X) 
decay  at  the  highest  initial  NF(X)  density  attained.  The  calculated  decay 
curve  using  disproportionation  rate  constant  k.|  =  5  *  10-1^  cm^/molecule- 
sec  lies  considerably  below  the  experimental  data,  while  the  model  result 
with  =  2  *  10  cmJ/molecule-sec  is  in  reasonable  agreement.  Consider¬ 
ation  of  the  data  in  Fig.  10  leads  us  to  a  conservative  estimate  that  the 

3  -  ip  o 

NF(X  I  )  disproportionation  rate  coeficient  is  <  5  *  10  cm-vmolecule-sec. 
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NF  b-X  LIF  INTENSITY  (arb  units) 


0.015 


TIME  (fi sec) 


Comparison  of  an  Expermental  NF(X),  v"=0,  N"=9  Decay  Curve 
from  the  Photolysis  of  0.31  Torr  NF2  in  11.6  Torr  SFfc  and 
1.0  Torr  Ar  with  Model  Calculations.  The  four  smooth  curves 


were  calculated  using  an  NF?  ♦  NF(X)  rate  constant  of  2.0 
10"  ^  cm-vmolecule-sec  and  four  different  values  for  the 
disproportionation  rate  constant  (0.0,  2  *  10"  ,  5  *  10“ 

and  1  x  10"  1  cm^/molecule-sec ) . 


IV.  CONCLUSIONS 


Vibrational  relaxation  of  NF(X)  produced  from  the  249  nm  photolysis  of 
NF2  was  investigated  with  CO2  and  SFg  as  the  quenching  partners.  State-to- 
state  vibrational  quenching  rate  constants  were  obtained  for  NF(X,  v"  = 

1-3).  SF^  is  seen  to  be  an  efficient  vibrational  quencher  of  NF(X),  while  CCL, 

is  relatively  inefficient,  contrary  to  what  is  observed  for  HF  vibrational 

3  _ 

relaxation.  The  equilibration  rate  of  the  nascent  NF(X  £  )  rotational  dis¬ 
tribution  (T  t  =  1750  K)  has  been  studied  and  similar  results  were  obtained 
for  v"=0  and  v"=2.  "The  bimolecular  disproportionation  of  NF(X)  is  seen  to  be 


much  smaller  than  previously  reported,  while  the  reaction  of  NF(X)  with  NF^  is 

2  _ 

surprisingly  fast  and  may  be  the  dominant  removal  mechanism  for  NF ( X  I  )  The 
method  used  here  has  been  applied  to  the  determination  of  the  branching  ratio'v 
for  the  H  +  NF2  +  NF(X,a)  +  HF  reaction  and  the  results  will  be  reported  in  a 
subsequent  publication. 
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